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HIGHLIGHTS 


•  Hybrid  cyclic  phosphazene/graphite  anodes  are  new  materials  for  lithium  batteries. 

•  Capacity  resides  with  both  the  graphite  and  cyclic  phosphazene. 

•  Within  the  cyclic  phosphazene  matrix  isolated  Li  deposits  are  the  main  source  of  capacity. 

•  Tightly  controlling  the  charging  voltage  provides  enhanced  cycling  efficiency. 
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The  use  of  hybrid  cyclic  phosphazene  polymer/graphite  anodes,  where  the  phosphazene  serves  as 
distributed  loci  for  Li  deposition,  has  been  investigated.  Capacity  within  the  hybrid  system  was  found  to 
occur  reversibly  in  distinct  regions.  At  the  most  positive  voltages,  above  0.06  V  vs  Li/Li+,  the  capacity  was 
associated  mostly  with  Li+  intercalation  into  graphite.  In  the  most  negative  region,  deposition  of  Li 
within  the  polymer  was  the  predominate  mechanism.  A  transitional  region  is  inferred  by  the  data 
whereby  bulk  aggregation  or  clustering  of  Li  atoms  occurs  in  proximity  to  the  phosphazene  sites  that 
then  serve  as  a  template  for  more  widespread  population  of  Li  within  the  anode  at  higher  voltages,  akin 
to  a  nucleation  process.  In  full  cells  with  a  mixed  oxide  cathode,  controlling  the  extent  of  Li  deposition  by 
limiting  the  charging  voltage  to  4.45  V  enabled  repeated  cycling  with  no  loss  in  capacity.  Capacities  as 
high  as  183  mAh  g_1  have  been  achieved  for  systems  containing  as  little  as  10%  graphite  while  retaining 
coulombic  efficiencies  of  98%  over  50  cycles.  This  level  of  cycling  equates  to  the  deposition  of  7.4  Li  per 
cyclic  phosphazene. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Recent,  safety  related  events  have  been  a  key  concern  for  the 
continued  market  entry  of  Li-ion  batteries  (LIBs).  While  safe  for  the 
majority  of  operating  conditions,  improper  use,  exposure  to  harsh 
conditions  and  the  puncturing  of  cells  can  lead  to  catastrophic 
failure.  Despite  concerns  with  safety,  electrification  of  the  trans¬ 
portation  fleet  in  the  United  States  remains  an  emphasis.  To  meet 
the  need  for  enhanced  safety,  a  host  of  new  materials  have  been 
proposed.  An  important  class  of  compounds  are  those  that,  when 
included  in  LIB  electrolyte,  reduce  the  risk  of  fire  [1—8].  Electrolyte 
additives  can  significantly  reduce  safety  concerns,  but  during 
heating  events  the  majority  of  the  electrolyte  can  be  vented  from 
cells  while  leaving  the  highly  combustible  anode  materials 
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remaining  within  the  LIB.  Thus,  a  different  route  to  increasing  the 
safety  of  batteries  is  the  use  of  non-flammable  electrode  compo¬ 
nents  which  remain  present  even  after  a  venting  event. 

During  LIB  thermal  events  it  has  been  found  that  the  anode  is 
one  of  the  key  players  in  the  initiation  of  the  catastrophic  failure 
process  [9  .  In  instances  where  heating  occurs,  the  solid  electrolyte 
interphase  (SEI)  on  the  anode  becomes  less  stable  leading  to  a 
cascade  of  reactions  which  expose  lithiated  and  non-lithiated 
graphite  surfaces.  Both  are  active  to  the  decomposition  of  electro¬ 
lyte.  Upon  sufficient  heating,  cathodic  oxygen  generation  causes 
oxidation  of  electrolyte  and  eventually  the  anode  during  a  thermal 
runaway  event  [9—11].  In  the  events  described  above,  materials, 
such  as  phosphazenes,  that  either  decrease  or  inhibit  the  initiation 
events,  or  which  minimize  the  amount  of  material  which  can  be 
oxidized  provide  the  opportunity  to  limit  the  extent  of  thermal 
events  and  thus  enhance  the  safety  of  LIBs. 

Phosphazenes  are  a  class  of  inorganic  compounds  containing 
P=N  bonds  that  have  received  some  interest  primarily  as 
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electrolyte  additives,  components  in  polymer  electrolytes  and  to  a 
lesser  extent  as  binders  [1,8,12-18].  One  of  the  attractions  of 
phosphazenes  is  their  ability  to  act  as  flame  retardants.  Additional 
benefits  of  phosphazenes  are  their  high  adaptability  which  pro¬ 
vides  the  opportunity  to  synthesize  functionality  into  the  overall 
molecular  framework.  This  adaptability  has  led  to  the  construction 
of  both  small  cyclic  phosphazenes  which  have  been  incorporated  in 
electrolytes  1,18]  and  much  larger  linear  polyphosphazene  com¬ 
pounds  which  can  act  as  effective  ionic  transporters  [12-14,19,20]. 
Lastly,  phosphazenes  have  shown  electrochemical  stability  over  a 
sufficiently  large  window  to  allow  functionality  in  LIB  systems 
[1,8,17,18]. 

One  of  the  primary  reasons  for  investigating  the  use  of  hybrid 
phosphazene  anodes  is  the  ability  of  phosphazenes  to  act  as  free- 
radical  scavengers.  Combustion  can  be  viewed  as  a  cascading 
radical  pathway,  thus  the  ability  to  stop  the  early  stages  of  com¬ 
bustion  are  essential  when  trying  to  minimize  the  overall  flam¬ 
mability  of  batteries.  The  use  of  solid-state  cyclic  phosphazenes  as 
an  anode  component  looks  to  build  on  the  previous  success  of 
phosphazene  electrolyte  additives  [1,8,18]  to  further  enhance  the 
safety  of  cells  by  providing  the  possibility  of  retaining  the  phos¬ 
phazene  in  the  vicinity  of  combustible  carbon  in  the  cell  anode 
should  electrolyte-based  phosphazene  be  ejected  during  cell 
venting. 

As  electrode  materials,  only  a  few  instances  where  phospha¬ 
zenes  have  been  used  as  cathodes  have  been  reported  [21,22]. 
These  cathodes,  while  showing  cyclability,  suffer  from  the  low 
reduction  potential  of  the  S-S  bond  which  occurs  below  3  V 
versus  Li/Li+.  In  another  application  as  polymer-based  electro¬ 
lytes,  phosphazenes  have  shown  Li-ion  conductivity  values  as 
high  as  2.58  x  10-4  S  cm-1  when  employed  as  polymer  based 
electrolytes  [14  .  Additionally,  both  experimental  and  modeling 
data  for  liquid  electrolytes  indicate  an  association  of  Li+  with  the 
O  and  N  components  of  the  phosphazene  backbone  19,23].  In 
the  case  of  N:Li+  association,  this  electrostatic  attraction  is 
caused  by  the  electron  pair  donation  centered  at  N  that  responds 
to  cationic  fields.  Such  associative  effects  enable  nitrogen- 
containing  aprotic  solvents  to  be  very  aggressive,  competitive 
solvators  of  cations  as  indicated  by  their  high  donicity  numbers 
[24].  Consequently,  the  association  of  Li  with  the  polymer 
phosphazene  moieties  creates  the  situation  where  Li+  are  less 


HO  OH 

Fig.  1.  Molecular  structure  of  MeHQCP  with  the  location  of  Li  noted. 


than  fully  solvated  and  as  such  when  reduced  to  Li°  the  inter¬ 
action  with  liquid  electrolyte  is  minimized  due  to  less  electrolyte 
in  the  vicinity  of  the  Li  deposit.  The  N-based  electron  pair  also 
serves  to  provide  an  electrostatic  repulsion  with  the  negative 
dipole  of  free  solvents  providing  an  additional  short-range 
minimization  of  electrolyte  near  deposits  of  Li.  Decreasing  the 
electrolyte  in  contact  with  Li  serves  to  increase  the  coulombic 
efficiency  of  hybrid  electrodes  by  decreasing  electrolyte  decom¬ 
position.  An  additional  side  benefit  is  that  hybrid  phosphazene 
anodes  may  minimize  the  formation  of  dendrites  by  creating 
micro-clusters  of  Li  in  the  electrode  interior  as  has  been  recently 
reported  for  porous  graphene  electrodes  [25].  When  combined 
with  traditional  anode  materials  such  as  graphite,  the  use  of 
solid-state  phosphazenes  provides  a  route  to  a  hybrid  Li-ion,  Li- 
metal  anode  where  the  phosphazene  serves  as  a  template  for 
selective,  localized  Li  deposition  which  is  isolated  from  the  bulk 
electrolyte.  Such  a  hybrid  anode  has  the  potential,  if  fully  opti¬ 
mized,  to  be  tunable  with  regard  to  capacity  while  retaining  the 
safety  enhancing  aspects  of  phosphazene  systems.  A  recent 
patent  application  covers  this  new  class  of  materials  [26  . 

2.  Experimental 

2.2.  Anode  film  preparation 

Cyclic  phosphazenes  were  prepared  using  well  established 
procedures  with  the  primary  compounds  of  interest  being  methyl 
hydroquinone  cyclophosphazene  (MeHQCP)  and  tert-butyl  hydro- 
quinone  cyclophosphazene  (tbu-HQCP)  [27,28].  The  structure  for 
MeHQCP  is  shown  in  Fig.  1,  as  an  example.  Following  synthesis, 
purity  was  confirmed  by  NMR. 

Casting  solutions  were  prepared,  using  a  method  developed 
in-house,  by  first  dissolving  the  appropriate  amount  of  phos¬ 
phazene  in  tetrahydrofuran  (THF,  10-15  mL)  followed  by  the 
addition  of  varying  quantities  of  C65  conductive  carbon  additive 
(Timcal),  and  A12  graphite  (Conoco-Philips).  An  assortment  of 
sample  formulations  is  shown  in  Cable  1.  The  solids  and  phos¬ 
phazene  solution  was  mixed  by  inversion  and  then  sonicated  to 
enhance  homogeneity.  Following  sonication,  0.10-0.50  g  of 
hexamethylene  tetramine  (HMTA)  dissolved  in  0.25-1.0  mL  H2O 
was  added  to  the  suspension.  The  quantity  of  HMTA  added  varied 
with  the  cyclic  phosphazene  loading.  Following  addition  of 
HMTA,  the  casting  solution  was  again  mixed  by  inversion.  The 
solution  was  then  loaded  into  a  chromatography  sprayer  and 
sprayed  onto  high  purity  Cu  foil  or  polyimide  sheets.  During  the 
spray  casting  process  these  substrates  were  fixed  onto  a  verti¬ 
cally  mounted,  rotating  wheel  to  ensure  uniform  coating  over 
multiple  substrates. 

Spraying  occurred  in  multiple  steps  where  a  portion  of  the 
solution  was  sprayed  evenly  on  the  substrate  followed  by  a  brief 
pause  during  which  THF  evaporated.  The  evaporation  step 
ensured  that  the  sprayed  film  did  not  flow  during  the  casting 
process.  During  evaporation  steps  the  casting  solution  in  the 
sprayer  was  continuously  swirled  to  maintain  uniform  disper¬ 
sion  of  the  solid  particles.  Following  the  last  spray  step,  the 
coated  substrates  were  removed  and  placed  onto  a  clean, 
stainless  steel  sheet.  The  sheet  was  loaded  into  an  oven  (130  °C). 
During  the  curing  step  the  temperature  in  the  oven  was  ramped 
from  130  °C  to  210  °C.  The  entire  curing  protocol  took  approxi¬ 
mately  30  min  to  complete.  The  curing  protocol  served  two 
purposes.  First  it  allowed  HMTA  to  decompose  to  formaldehyde 
which  allows  cross-linking  of  multiple  rings  through  a  phenol- 
formaldehyde  mechanism.  Second  the  temperature  ramp 
served  to  fully  evaporate  any  trace  THF  and  H20  which  remained 
in  the  electrode.  For  each  of  the  investigated  formulations 
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Table  1 

Anode  specifications. 


Formulation 

Cyclic 

phosphazene 

Cyclic 

phosphazene,  % 

A12,  % 

C65,  % 

Film 

thickness,  pm 

Entire  electrode 

mass,  mg 

VW,  v 

Capacity  from 
A12,c  mAh  g"1 

1 

MeHQCP 

80 

10 

10 

80  ±  3 

6.60 

4.65 

37,  11 

2 

MeHQCP 

80 

10 

10 

80  ±  3 

6.60 

4.25a 

37,  22 

3 

MeHQCP 

65 

25 

10 

82  ±  2 

4.10 

4.65 

92,  16 

4 

MeHQCP 

80 

0 

20 

98  ±  7 

8.23 

4.65 

0,  na 

5 

tbuHQCP 

80 

0 

20 

105  ±  3 

6.56 

4.65 

0,  na 

6 

MeHQCP 

10 

80 

10 

91  ±  5 

4.30 

4.25b 

296,  79 

a  Increased  to  4.45  V  after  29  cycles. 
b  Increased  to  4.65  V  after  16  cycles. 

c  Accounting  for  the  entire  formulated  electrode  mass,  values  after  commas  correspond  to  the  percent  of  experimental  discharge  capacity  associated  with  graphite  after  1 0 
cycles  at  the  maximum  voltage. 


uniform  films  were  formed  on  each  of  the  substrates.  For  coin 
cell  investigations  films  were  formed  on  18  pm  Cu  sheets  which 
were  nominally  2.5  cm  in  width  and  25  cm  in  length.  As  shown 
in  able  1,  the  film  thicknesses  ranged  from  80  to  105  pm  with 
relative  standard  deviations  for  all  the  samples  below  10%.  Both 
MeHQCP  and  tbuHQCP  in  their  non-crosslinked,  trimeric  forms 
are  also  soluble  in  the  ethylene  carbonate  (EC),  ethyl  methyl 
carbonate  (EMC)  electrolyte  blend  used  for  the  present  study. 
Upon  crosslinking  with  HMTA  the  new  polymeric  systems 
become  insoluble. 

2.2.  Cell  fabrication 

The  anode  formulations  were  evaluated  using  CR  2032  coin 
cell  hardware.  Full  cells  were  constructed  using  the  formulations 
listed  in  Table  1  as  the  anode  and  a  lithium-rich  blended 
Li1.06Mn1.94O4  +  Li1.1Nio.33Mno.33Coo.33O2  cathode  (Argonne  Na¬ 
tional  Laboratory,  ANL).  The  rated  cathode  capacity  as  defined  by 
ANL  is  3.47  mAh  per  electrode,  or  2.43  mAh  cnrT2.  Extended 
cycling  against  an  A12  anode  (ANL)  to  4.25  V  maintained  cell 
capacities  above  3.1  mAh  for  more  than  50  cycles.  All  cells  used  a 
1:2  EC:EMC  (Kishida)  with  1.2  M  LiPF6  (Kishida).  The  electrolyte 
also  included  a  3%  loading  of  FM-2  (C12H21F9N3O6P3)  which  is  a 
liquid  cyclic  phosphazene  similar  to  previously  described  cyclic 
phosphazene  electrolyte  additives  1,8,18,23].  The  geometric  area 
of  each  electrode  was  1.43  cm2.  Electrodes  were  separated  using 
a  Celgard  2325  separator  (1.58  cm2).  Cell  components  were  dried 
overnight  at  90  °C  under  vacuum  prior  to  the  construction  of 
cells.  Separators  were  dried  overnight  at  60  °C  under  vacuum. 
Cells  were  built  under  an  Ar  atmosphere  in  a  glove  box  with 
water  and  oxygen  content  below  0.1  ppm.  Both  the  anode 
and  cathode  were  fully  wetted  with  electrolyte  to  ensure 
uniform  electrolyte  distribution  within  each  electrode  prior  to 
advancing  to  the  next  step  in  the  cell  build.  Half-cells  were 
constructed  in  a  similar  manner  with  Li  metal  serving  as  the 
counter  electrode. 

Stainless  steel  tabs  were  spot  welded  onto  the  positive  and 
negative  terminals  of  the  cell  prior  to  mounting  in  a  custom  cell 
holder.  Within  the  holder,  each  cell  was  spaced  a  minimum  of 
5  cm  from  its  nearest  neighbor  (with  open  space  on  all  sides)  and 
maintained  in  a  horizontal  orientation.  The  primary  benefit  of 
this  orientation  is  uniform  thermal  profiles  for  each  cell.  Cell 
holders  were  maintained  at  30  °C  in  a  Tenney  environmental 
chamber. 

2.3.  Electrochemical  analysis  and  film  characterization 

All  full  cell  formulations  were  evaluated  in  triplicate  with 
cycling  occurring  at  a  calculated  C/10  rate.  Except  where  noted 
the  average  value  from  the  three  cells  are  shown.  Prior  to 


initiating  testing,  cells  were  allowed  to  equilibrate  for  2  h  after 
placement  in  the  environmental  chamber.  A  Maccor  4000  series 
test  system  which  was  calibrated  prior  to  testing  was  used  to 
cycle  both  full  and  half  cells.  Cells  were  initially  taken  through  a 
staged  formation  cycle  at  a  calculated  C/10  rate  where 
the  charging  voltage  (Vmax)  was  progressively  increased  by  cycle. 
At  the  end  of  the  formation  protocol  cells  were  cycled  at  a  C/ 
10  rate  with  a  set  Vmax  of  4.25,  4.45  or  4.65  V.  The  minimum 
voltage  (Vmin)  was  kept  at  3.4  V  for  all  full  cell  cycling.  Half  cells 
followed  a  similar  protocol  where  the  Vmin  was  progressively 
lowered. 

Scanning  electron  microscopy  (SEM)  imaging  of  electrode 
surfaces,  both  as  formed  and  after  cycling,  was  performed  using  a 
Quanta  FEG  650  SEM.  Images  and  energy  dispersive  spectra  (EDS) 
were  acquired  from  representative  locations  on  the  interior  of 
the  electrode.  Cycled  electrodes  were  harvested  in  an  Ar  glove 
box  in  a  discharged  state.  After  removal  from  the  cell,  both  anode 
and  cathode  samples  were  briefly  rinsed  with  dimethyl  carbon¬ 
ate  (DMC),  allowed  to  dry  and  then  removed  from  the  glove  box. 
Sheet  resistance  for  each  of  the  as-prepared  formulations  was 
acquired  on  the  films  sprayed  onto  the  non-conductive  polyimide 
using  a  four-point  probe  (Guardian  SRM-232).  Typical  sheet  re¬ 
sistances  for  the  various  formulations  were  100-200  Q  sq-1. 
Nitrogen  physisorption  isotherms  were  measured  at  77  K  on  a 
Quantachrome  Autosorb-lC  system  to  determine  the  surface  area 
of  the  various  formulations.  Sample  pieces  of  about  2  cm2  were 
rolled  to  fit  into  the  instrument  cell,  outgassed  at  383  I<  for  3  h, 
and  weighed.  The  actual  weight  of  the  sample  was  calculated  by 
subtracting  the  contribution  of  the  metal  foil  to  the  weight 
measured  after  outgassing.  Next  the  nitrogen  physisorption 
isotherm  was  measured  and  used  to  calculate  Brunauer-Emmett- 
Teller  (BET)  surface  areas  [29]  in  the  P/Po  range  of  0.05-0.35 
and  both  total  pore  volume  and  average  pore  size  at  P/Po  =  0.99. 
Presence  of  microporosity  was  analyzed  using  the  t- plot 
method  [30]. 

3.  Results  and  discussion 

The  use  of  linear  polyphosphazenes  as  compounds  capable  of 
Li+  transport  has  previously  shown  that  ionic  movement  occurs 
along  the  backbone  of  the  solid  polymer  with  Li+  interacting 
with  both  N  and  O  atoms  near  the  backbone  of  the  polymeric 
chain  19].  This  geometry  is  ideal  for  transporting  Li  ions  such  as 
what  one  would  prefer  when  developing  polymer  electrolytes. 
However,  one  of  the  key  proposed  benefits  of  a  hybrid  anode 
system  is  the  ability  to  form  regions  of  Li  which  are  isolated  from 
the  bulk  liquid  electrolyte.  The  anticipated  location  of  Li,  based 
on  earlier  characterization  of  linear  systems  using  NMR,  FTIR  and 
Raman  analysis  [19]  and  based  on  modeling  calculations  of 
similar  cyclic  phosphazenes  [23],  for  MeHQCP  is  shown  in  Fig.  1. 
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While  retaining  the  beneficial  Li  interactions  with  N  and  O,  as  has 
been  shown  for  the  linear  systems,  the  cyclic  phosphazene  sys¬ 
tems  have  limited  P=N  connectivities  (3  for  the  cyclic  systems 
described)  which  promotes  isolated  Li  association.  Additionally 
the  use  of  pendant  arms  such  as  the  hydroquinones  present  for 
both  MeHQCP  and  tbuHQCP  provide  spatial  isolation  which  ste- 
rically  limits  the  inter-electrode  void  space  while  still  allowing 
extensive  polymeric  cross-linking  through  formaldehyde  link¬ 
ages  at  the  hydroxyl  terminus  of  the  hydroquinone.  Collectively, 
these  attributes  contribute  to  better  managed  lithium  placement 
within  the  polymeric  host.  Lastly,  the  use  of  cyclic  phosphazenes, 
which  are  soluble  in  a  variety  of  solvents,  enables  casting 
methods  such  as  spray  casting  which  are  amenable  to  the  for¬ 
mation  of  unique  electrode  geometries.  The  assortment  of  for¬ 
mulations  in  serves  to  span  the  range  from  systems  where  the 
cyclic  phosphazene  serves  solely  as  a  binder  within  a  more 
traditional  anode  formulation  to  the  opposite  extent  where 
nearly  the  entire  structure  is  comprised  of  cyclic  phosphazene. 
For  each  of  the  formulations  in  the  table,  the  anticipated  specific 
capacity  for  the  entire  film  which  can  be  attributed  to  graphite  is 
listed,  i.e.  the  capacity  derived  from  graphite  divided  by  the 
entire  film  mass.  The  percentages  listed  after  the  comma  in  the 
same  column  highlight  the  percentage  of  the  experimentally 
observed  specific  capacity  after  10  cycles  which  would  corre¬ 
spond  with  the  full  graphite  capacity.  For  formulations  2  and  6 
the  percentages  are  for  the  capacity  after  the  voltage  was 
increased  to  4.45  or  4.65  V  respectively.  As  hybrid  systems 
the  anodes  possess  the  ability  to  store  charge  through  micro¬ 
clusters  of  Li  deposits,  similar  to  what  has  been  recently  re¬ 
ported  for  porous  graphene  systems  [25  ,  and  in  the  portion  of 
graphite  within  the  anode.  As  such,  some  of  the  expected  ben¬ 
efits  associated  with  hybrid  phosphazene  anodes  are  the  reduc¬ 
tion  in  combustible  material  in  the  composite  electrode,  the 
inclusion  of  free-radical  scavenging  phosphazenes,  and  the  po¬ 
tential  to  achieve  capacities  above  what  is  achievable  with 
graphite  electrodes. 

Prior  to  electrochemical  evaluation  of  the  anode  films  the 
films  were  characterized  using  SEM,  surface  area  analysis  and  for 
electrical  conductance.  SEM  imaging  of  the  anode  films,  as  shown 
in  Fig.  2,  indicate  a  dispersion  of  the  various  solid  additives 
throughout  the  film.  The  images  also  show  the  presence  of  both 
large  pores  (Fig.  2A  lower  right)  and  much  smaller  porous  re¬ 
gions  located  near  the  solid  additives  such  as  C65  and  A12  in 
Fig.  2C.  One  of  the  key  concerns  of  using  electrode  structures 
which  incorporate  a  high  quantity  of  polymeric  material  is 
adequate  porosity  and  available  surface  area  to  allow  electrolyte 
access  to  the  interior  of  the  electrode  structure.  BET  analysis  of 
the  surface  area  and  the  total  pore  volume  of  prepared  electrodes 
indicated  that  the  values  were  comparable  to  more  traditional 
electrode  structures  such  as  the  cathode  used  in  the  present 
work.  For  comparison  formulations  1  and  2  had  a  measured  BET 
surface  area  of  11  m2  g-1  with  a  total  pore  volume  of 
1.73  x  10-2  cm3  g_1  (average  pore  diameter  of  63  A)  while  the 
calendared  cathode  had  values  7  m2  g-1, 1.32  x  1CT2  cm3  g^1  and 
73  A  respectively. 

Evaluation  of  the  electrical  conductance  was  performed  on 
anode  films  which  were  cast  on  thin  Kapton  films  at  the  same  time 
as  the  deposition  of  films  on  Cu.  The  use  of  Kapton  enabled  the 
sheet  resistance  for  just  the  phosphazene  anode  to  be  evaluated 
using  a  four  point  probe.  For  the  six  formulations  reported  the 
sheet  resistances  were  between  100  and  200  Q  sq-1.  For  compari¬ 
son  other  thin  film  battery  electrodes  have  had  reported  sheet  re¬ 
sistances  between  10  and  30  Q  sq-1  [31,32  .  While  the  present 
formulations  have  conductance  values  which  exceed  other  elec¬ 
trodes  a  multitude  of  opportunities  exist  for  decreasing  the  sheet 


Fig.  2.  SEM  images  for  formulation  2  both  before  (A)  and  after  cycling  (B  and  C,  after 
rinsing  to  remove  electrolyte  based  salts).  Scale  bar  represents  50  pm  (A  and  B)  or 
10  pm  (C). 
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resistances  by  further  optimizing  formulations,  changing  the  na¬ 
ture  of  the  conductive  additive  and  by  further  modifying  the 
phosphazene  structure. 

The  respective  full  cell  cycling  data  for  the  six  formulations  in 
Table  1  are  shown  in  Fig.  3  where  the  specific  capacities  refer  to  the 
cell  capacity  divided  by  the  respective  mass  of  each  of  the  formu¬ 
lations  on  the  1.43  cm2  electrode.  Full  cells  were  chosen  here  to 
ensure  compatibility  between  the  anode  and  cathode.  Testing  was 
performed  using  the  anode  as  the  limiting  electrode.  During  cycling 
the  maximum  observed  discharge  capacity  for  any  of  the  phos¬ 
phazene  formulations  was  2.71  mAh  which  is  78%  of  the  rated 
capacity  of  the  cathode  and  87%  of  the  capacity  observed  after  50 
cycles  using  the  present  cathode  coupled  to  a  traditional  graphite 
(A12)  anode  (data  not  shown).  As  shown  in  Fig.  3  the  various  for¬ 
mulations  displayed  high  initial  performance  by  the  end  of  for¬ 
mation  cycling  (first  4-5  cycles  depending  on  Vmax).  For  cells  which 
were  cycled  to  4.65  V,  following  formation,  the  behavior  varied  for 
the  next  5-10  cycles  before  all  experienced  a  loss  in  capacity.  The 
extent  and  rate  of  capacity  loss  varied  with  respect  to  the  formu¬ 
lation.  However,  for  formulations  4  and  5  little  difference  was 
observed  when  using  either  tbuHQCP  or  MeHQCP  as  the  cyclic 
phosphazene.  For  this  reason  the  majority  of  future  work  focused 
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Fig.  3.  Average  charge  (A)  and  discharge  (B)  capacities  for  formulations  1-6  at  a  C/10 
rate.  (C)  Combined  average  charge  and  discharge  profiles  and  corresponding 
coulombic  efficiency  for  formulation  2.  Only  charge  standard  deviations  are  shown  for 
clarity.  The  standard  deviations  for  the  discharge  values  are  on  the  order  of  those 
observed  for  charging. 


on  the  use  of  MeHQCP  which  has  a  reduced  molecular  weight 
compared  to  tbuHQCP  (873  vs  1125  g  mor1). 

For  formulation  2,  which  was  initially  cycled  to  4.25  V  the  ca¬ 
pacity  remained  constant  with  a  slight  increase  in  capacity  over  the 
first  25  cycles.  Formulation  6,  which  was  also  cycled  initially  to 
4.25  V,  initially  showed  a  post  formation  capacity  loss.  After  an 
increase  in  Vmax  to  4.65  V  behavior  similar  to  formulations  1  was 
observed.  Based  on  the  capacity  fade  exhibited  by  all  cells  which 
were  cycled  to  4.65  V  the  Vmax  for  formulation  2  was  increased  to 
4.45  V  after  early  cycling.  It  should  be  noted  that  for  both  conditions 
which  had  Vmax  increased  from  the  initial  4.25  V  that  over  the  first 
several  cycles  at  the  higher  voltage  an  increase  in  cycling  capacity 
was  observed.  Also  the  current  at  which  the  cells  were  cycled  was 
maintained  as  the  voltage  was  increased.  This  resulted  in  a  subse¬ 
quent  drop  in  the  C  rate.  For  formulation  2  the  final  rate  was 
approximately  C/25. 

Comparison  of  the  charge  and  discharge  profiles  for  formula¬ 
tions  1,  2,  and  6  are  shown  in  Fig.  4.  For  all  three  formulations  a 
change  in  the  charge  profile  occurs  as  the  cells  age  with  the  most 
distinct  changes  occurring  at  the  low  voltages.  As  the  cells  aged  the 
majority  of  the  capacity  shifted  to  voltages  above  4.1  V.  A  more 
thorough  analysis  of  the  dynamics  of  the  charge-discharge  char¬ 
acteristics  can  be  accomplished  by  comparing  the  differential  ca¬ 
pacity  ( dQJdV )  of  the  different  formulations  as  they  progressed 
through  the  cycling  regime.  While  C/10  cycling  is  not  ideal  for 
isolating  minor  features  in  dQJdV  plots  it  is  sufficient  to  provide 
information  on  the  general  trends  observed  during  cycling.  The  dQJ 
dV  plots  (Fig.  5)  indicate  that  a  change  occurs  in  the  storage 
mechanism  as  the  cells  age.  Three  distinct  capacity  regions  can  be 
defined  when  comparing  the  initial  dQJdV  for  the  three  formula¬ 
tions.  First  are  capacities  associated  with  voltages  between  3.6  and 
3.8  V.  This  region  is  most  pronounced  for  formulation  6  which  has  a 
high  A12  graphite  component.  The  second  region  lies  between  3.8 
and  4.25  V  and  is  relatively  uniform  for  all  three  formulations 
during  initial  cycling.  The  last  region  lies  above  4.25  V  where  most 
dQJdV  profiles  show  more  constant  (but  non-zero)  values.  As  the 
different  formulations  age,  changes  are  most  pronounced  in  the 
first  two  regions.  In  the  middle  region  the  capacity  coalesces  in  all 
three  to  a  central  peak  at  4.12-4.15  V. 

The  data  in  Fig.  3  clearly  indicate  that  the  various  phosphazene- 
based  anodes  can  achieve  capacities  which  exceed  the  values 
anticipated  for  Li  intercalation  into  the  respective  amounts  of  A12 
present.  The  calculated  values  for  the  capacity  associated  with  the 
A12  portion  of  each  of  the  electrodes  is  shown  in  fable  1,  with  the 
respective  percent  of  the  total  discharge  capacity  after  10  cycles 
shown  after  the  comma  in  the  same  column.  The  question  becomes, 
by  what  mechanisms  is  the  energy  being  stored  and  what  the 
limitations  are  on  its  overall  applicability.  As  expected,  for  all  for¬ 
mulations  during  formation  the  overall  capacity  increased  as  the 
Vmax  was  increased  from  3.7  V  to  4.65  or  4.25  V.  Post-formation  the 
full  cells  cycling  to  4.65  V  (formulations  1,  3,  4  and  5)  initially  dis¬ 
played  either  stable  or  increasing  capacity  before  exhibiting  pro¬ 
gressive  decreases  in  capacity  with  continued  cycling.  Of  interest  is 
that  samples  (1,  2, 4,  and  5)  prepared  using  more  HMTA  (0.5  g)  and 
thus  more  water  (1.0  mL)  displayed  lower  capacity  fade  during 
extended  cycling.  Comparison  of  the  BET  and  porosity  measure¬ 
ments  of  these  samples  with  previous  work  (data  not  shown) 
looking  at  similar  formulations,  but  using  less  water  and  HMTA  in 
the  preparation  steps  indicates  that  increasing  the  water  content 
resulted  in  a  total  decline  in  surface  area  (11  vs  22-26  m2  g”1)  and 
total  pore  volume  (1.73  x  10~2  vs  2.3-3.06  x  10~2  cm3  g-1),  but 
resulted  in  increased  average  pore  diameters  (63  vs  42-48  A).  This 
result  suggests  that,  at  least  for  the  present  formulations,  that  the 
increase  in  average  pore  diameter  plays  a  more  important  role  in 
minimizing  capacity  fade  than  the  total  surface  area  of  the 
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Fig.  4.  Typical  charge  and  discharge  profiles  for  formulations  1  (A),  2  (B)  and  6  (C)  at 
the  end  of  formation  (cycle  5)  and  after  additional  cycling. 


electrode.  This  correlation  can  be  rationalized  in  two  ways.  First, 
the  increased  pore  diameter  may  facilitate  Li+  transport  to  the 
interior  of  the  electrode  allowing  a  greater  portion  to  remain  active. 
Second,  the  increased  diameter  may  allow  greater  room  for  the 
electrodeposition  of  micro-clusters  of  Li  as  described  more  fully 
below.  For  the  smaller  pore  diameter  systems  such  micro¬ 
clustering  may  induce  sufficient  volume  change  that  portions  of 
the  overall  electrode  structure  are  impacted  leading  to  either 
reduced  pore  volume  for  Li  clusters  or  changes  in  electrical  con¬ 
nectivity  creating  isolated  regions  within  the  electrode. 

Similar  capacity  fade  behavior  was  shown  for  formulation  6  cells 
which  were  initially  cycled  at  4.25  V  followed  by  an  increased  Vmax 
to  4.65  V.  For  this  reason  cycling  at  an  intermediate  voltage  (4.45  V) 
was  performed  for  formulation  2.  This  voltage  was  chosen  based  on 
the  early  cycling  results  for  formulation  1  which  had  a  charge  ca¬ 
pacity  of -150  mAh  g'1  at  4.45  V.  Of  the  150  mAh  g'1  (1  mAh  total), 
only  33  mAh  g-1  (0.22  mAh)  is  attributed  to  the  A12  with  the 
remainder  (0.78  mAh)  being  associated  with  Li  deposition  within 
the  polymeric  matrix.  This  accounts  for  a  Li  mass  of  25.6  fig. 
Including  the  mass  of  Li  into  the  specific  capacity  changes  the  value 
to  146  mAh  g-1.  At  that  level,  the  calculated  Li  loading  per  phos- 
phazene  ring  is  6.1  Li,  which  may  have  stoichiometric  significance. 
As  with  formulation  6,  upon  the  increase  in  Vmax  the  capacity  for 


formulation  2  increased  before  plateauing  for  the  remainder  of  the 
first  50  cycles. 

Based  on  the  idea  of  a  hybrid  anode  where  part  of  the  capacity 
resides  in  a  host  intercalation  or  alloy-based  material  such  as 
graphite  and  the  remainder  is  associated  with  the  distributed 
phosphazene  network,  half-cell  analysis  of  formulation  6  (Fig.  6) 
was  performed.  Based  on  a  comparison  of  the  charge  and  discharge 
profiles  (Fig.  4A  and  C)  and  dQJdV  (Fig.  5A  and  C)  plots  for  formu¬ 
lations  1  and  6,  it  appears  that  in  a  full  cell  configuration  the  ca¬ 
pacity  associated  with  the  phosphazene  template  resides  negative 
of  the  onset  potential  for  Li  insertion  in  graphite.  As  shown  in  Fig.  6, 
this  is  confirmed  by  the  half-cell  galvanostatic  titration  for 
formulation  6.  The  initial  waves  correspond  to  Li-insertion  into 
graphite  (Region  I)  [33].  Negative  of  the  initial  graphite  association 
a  sloping  region,  indicative  of  a  transition  between  reduction  pro¬ 
cesses,  between  0.06  and  -0.02  V  is  observed  (Region  II).  Within 
this  region  would  occur  a  greater  population  of  lithium  at/near  the 
phosphazene  members  under  a  micro-clustering  process  that 
generates  the  equivalent  of  nucleation  sites  for  greater  lithium 
deposition  at  higher  voltages  The  voltage  in  Region  II  reaches  a 
negative  value  at  -0.0207  V  followed  by  a  steady,  slightly  positive 
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Fig.  5.  Typical  differential  capacity  ( dQJdV )  plots  for  formulations  1  (A),  2  (B)  and  6  (C) 
at  the  end  of  formation  (cycle  5)  and  after  additional  cycling. 
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Fig.  6.  Typical  half-cell  charge  profile  for  formulation  6  (A).  Region  I  corresponds  to 
capacity  associated  with  A12,  II  with  initial  Li  nucleation  and  A12  and  the  capacity  in 
region  III  is  due  to  secondary  Li  deposition.  Expanded  view  of  the  voltage  relaxation 
occurring  in  Regions  II  and  III  following  the  onset  of  Li  deposition  (B). 


trending  plateau  (Region  III).  Negative  peaks,  such  as  the  one 
observed  in  the  present  case  (Region  II),  can  be  indicative  of  a 
nucleation  event  during  the  electrodeposition  process  where  the 
activation  energy,  and  subsequently  overpotential,  needed  for 
initial  deposition  determines  the  extent  of  the  negative  going 
voltage  excursion  [34,35].  Following  the  initial  nucleation,  the 
surface  energy  of  the  deposited  Li  becomes  favorable  to  additional, 
isolated  deposition  of  Li  due  to  the  localized  regions  of  lower 
overpotential  which  are  created.  Thus,  as  more  Li  is  deposited  the 
overall  energetics  become  more  uniform  as  evidenced  by  the  slight 
voltage  rebound  and  plateau  observed  in  Fig.  6B. 

In  many  ways  the  electrodeposition  of  Li  seen  for  the  hybrid 
phosphazene  anodes  is  similar  to  what  occurs  regardless  of  the 
substrate  as  Li  electrodeposits  on  an  electrode  surface.  However  a 
few  distinct  differences  are  observed  for  the  hybrid  phosphazene 
anodes.  During  the  deposition  of  Li  on  more  traditional  graphite 
anode  surfaces,  coulombic  efficiencies  as  high  as  98%  are  observed 
when  small  amounts  of  Li  are  deposited  at  rates  between  C/5  and  C/ 
10  (30  mAh  g-1  active  material)  [36,37  .  Beyond  this  early  stage, 
and  after  repeated  cycling  at  voltages  at  which  deposition  occurs,  a 
more  pronounced  reduction  in  efficiency  is  observed  [35,38,39].  As 
presented  in  Fig.  3C,  the  efficiency  for  formulation  2  remains  near 
98%  for  the  majority  of  post  formation  cycling  with  a  slight  increase 
to  over  99%  after  the  increase  in  voltage  from  4.25  to  4.45  V. 
Following  the  increased  efficiency  a  slight  decrease  was  observed 
followed  by  a  plateau.  Despite  the  decrease,  the  efficiency  of  the 
plateau  remained  the  same  as  was  observed  prior  to  the  increase  in 
voltage.  While  the  efficiency  was  not  altered  by  the  increased 
voltage,  the  capacity  of  the  system  increased  from  71  mAh  g-1  for 
the  last  cycle  at  4.25  V  to  183  mAh  g-1  (of  total  electrode  material) 
after  20  cycles  at  4.45  V.  The  increase  in  capacity,  while  retaining 
the  same  efficiency,  suggests  that  the  environment,  with  respect  to 
electrolyte  interaction,  of  the  newly  deposited  Li  when  cycling  to 


higher  voltages  is  similar  to  the  environment  of  Li  deposited  at 
lower  voltages.  It  is  also  plausible  that  as  a  greater  extent  of  Li  is 
deposited  the  overall  conductivity  of  the  electrode  increases. 
Following  the  completion  of  cycling,  BET  analysis  found  that  the 
total  pore  volume  had  increased  to  9.16  x  1CT2  cm3  g_1  from 
1.73  x  10-2  cm3  g-1.  This  suggests  that  as  Li  is  deposited  within  the 
hybrid  anode  structure  that  the  subsequent  volume  expansion 
leads  to  the  increased  porosity. 

Formulation  1,  which  had  the  same  composition  as  formulation 
2,  displayed  similar  but  more  pronounced  increased  capacities 
during  early  cycling,  but  at  efficiencies  of  96%  and  lower.  Recall  that 
in  Fig.  6,  region  III  is  associated  with  bulk  lithium  deposition. 
Allowing  this  to  proceed  for  extended  periods  of  time  (such  as  what 
occurs  when  cycling  to  4.65  V)  minimizes  any  isolation  from  bulk 
electrolyte  which  the  phosphazene  template  may  provide.  As 
isolation  is  lost,  the  subsequent  reaction  with  electrolyte  leads  to 
decreased  coulombic  efficiencies  and  loss  of  capacity  through 
either  the  formation  of  thick  SEI  deposits  or  through  electrical 
isolation  of  Li  deposits. 

The  difference  in  efficiency  between  cycling  to  4.65  and  4.45  V 
suggests  that  there  is  a  limit  to  the  quantity  of  Li  which  can  be 
deposited  within  the  anode  structure  without  seeing  a  loss  in 
cycling  capacity  and  while  retaining  efficiencies  near  98%.  To 
determine  this  limitation  the  number  of  Li  atoms  deposited  per 
cyclic  phosphazene  in  the  anode  structure  was  calculated  from 
gravimetric  and  charge  data.  If  it  is  assumed  that  the  A12  within 
formulations  1  and  2  does  not  remain  active  during  extended 
cycling  the  number  of  Li  atoms  which  are  deposited  with  respect  to 
the  number  of  cyclic  phosphazenes  in  the  respective  formulations 
and  the  total  Li  deposited  can  be  determined  (Fig.  7).  This  key 
assumption  is  based  on  the  dQJdV  data  presented  in  Fig.  5.  As  can  be 
seen,  for  the  lower  Vmax  of  4.45  V  less  than  7.4  Li  are  deposited  per 
MeHQCP  trimer  while  the  higher  Vmax  initially  has  Li  densities  in 
excess  of  13.6  Li  per  MeHQCP  ring.  These  data  suggest  that  there  is 
the  possibility  to  deposit  low  levels  of  Li  within  the  phosphazene 
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Fig.  7.  (A)  Calculated  values  for  the  amount  of  Li  deposited  per  MeHQCP  ring  for 
formulations  1  and  2.  (B)  Total  g  Li  deposited  during  cycling  (left)  and  specific  capacity 
with  Li  mass  included  (right)  for  formulations  1  and  2. 
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framework  while  retaining  cycling  efficiencies  near  98%  and  that 
overall  electrode  capacity  may  be  able  to  be  increased  by  altering 
the  molecular  weight  of  the  phosphazene  used  for  anode  forma¬ 
tion.  The  data  also  suggest  that  accounting  for  the  amount  of  Li 
deposited  does  not  significantly  change  the  overall  capacity  for  the 
electrode  systems  with  the  variance  for  formulation  2  being 
7  mAh  g_1  (183  vs  176  mAh  g-1  when  accounting  for  Li  mass). 

The  distinct  regions  in  the  half-cell  data  which  are  roughly 
delineated  in  Fig.  6  and  the  Li  per  ring  calculations  in  Fig.  7  help 
explain  the  storage  mechanisms  and  highlight  some  of  the  poten¬ 
tial  limitations  and  benefits  associated  with  the  proposed  hybrid 
anodes.  Foremost  among  considerations  is  the  need  to  tightly 
control  the  Vmax  for  cycling  phosphazene  electrodes.  As  expected 
higher  voltages  provide  enhanced  early  life  capacity  as  well  as  cell 
power,  but  the  enhanced  capacities  readily  fall  to  levels  seen  for 
cells  cycled  at  lower  voltages.  This  decrease  is  almost  certainly 
associated  with  complex  degradation  mechanisms  involving 
increased  Li  deposition,  a  fractional  increase  in  Li  isolation,  and 
electrolyte  oxidation/reduction.  Thus,  controlling  Vmax  is  essential 
for  the  present  systems.  Rate  limitations  also  become  a  concern  as 
the  structure  of  Li  deposits  is  strongly  influenced  by  deposition 
current  [34  .  However,  routes  toward  material  optimization  and 
benefits  from  the  phosphazene  systems  clearly  exist.  Having  a 
polymer  basis  allows  for  customization  of  anode  attributes  in  terms 
of  porosity  and  electronic  conductivity,  which  have  a  direct  bearing 
on  rate  capabilities  and  the  manifestation  of  overpotentials  at  the 
anode.  For  example,  crosslinking  schemes  can  have  a  significant 
impact  on  both  enhancing  polymer  conductivity  and  rheological 
properties.  Alongside  potential  safety  enhancement,  perhaps  the 
main  benefit  is  that  the  hybrid  phosphazene  anodes  can  enable 
voltage  specific,  tailorable  systems  which  can  provide  capacity  in 
multiple  regions  that  provide  the  side  benefit  of  overcharge 
protection. 

The  systems  which  have  been  presented  offer  the  possibility  of 
using  multiple  Li  storage  mechanisms  by  allowing  up  to  7.4  Li  to  be 
deposited  per  phosphazene  ring  for  up  to  20  cycles  while  also 
intercalating  Li  into  graphite.  However,  the  full  role  and  optimiza¬ 
tion  of  the  phosphazene  structures  requires  further  investigation. 
Two  possibilities  exist  for  its  ability  to  maintain  enhanced  effi¬ 
ciencies.  First  it  may  serve  as  a  template  or  distributed  network 
which  facilitates  deposition  of  Li-ions  associated  with  the  O  and  N 
components  of  the  polymer  system.  In  doing  so  the  deposit  is 
isolated  from  bulk  electrolyte  resulting  in  less  electrolyte  depletion 
over  extended  cycling.  Second,  it  could  serve  as  a  protective  shroud 
which  minimizes  the  interaction  of  Li  deposits  with  electrolyte. 
Both  possibilities  would  decrease  electrolyte  decomposition  at  the 
electrodeposited  Li  surface  and  lead  to  the  enhanced  coulombic 
efficiency  if  effectively  controlled.  Such  an  understanding  would 
allow  better  engineered  systems  to  be  developed  with  enhance¬ 
ments  in  both  the  overall  capacity  and  coulombic  efficiency. 
Additionally,  the  extent  of  safety  enhancement  offered  by  the  in¬ 
clusion  of  the  phosphazene  needs  to  be  evaluated  as  part  of  future 
work. 

4.  Conclusions 

Hybrid  anodes  consisting  of  graphite  within  a  cyclic  phospha¬ 
zene  template  has  been  presented.  The  spray  cast  electrode  films 
had  surface  areas  (11-26  m2  g-1),  total  pore  volume 
(1.73  x  10~2-3.06  x  10-2  cm3  g-1)  and  pore  diameters  (42-63  A) 
which  were  similar  to  the  cathodes  used  for  this  study.  For  for¬ 
mulations  with  only  10%  graphite,  capacities  as  high  as 
183  mAh  g-1  (176  mAh  g-1  with  Li  mass  included)  have  been 
observed  after  50  cycles  with  efficiencies  of  98%.  The  bulk  of  the 
capacity  resides  with  the  deposition  of  Li  adjacent  to  the 


phosphazene  moieties  which  minimizes  the  decomposition  of 
electrolyte  at  the  deposits.  Insertion  of  lithium  into  the  anode  host 
material  was  found  to  reside  in  distinct  regions  tied  directly  to  the 
choice  of  materials  (graphite  and  polymer)  and  cell  voltage.  Control 
of  Vmax  provides  the  possibility  of  cycling  electrodes  with  no  loss  in 
capacity  or  efficiency  over  50  cycles.  Allowing  extensive  Li  depo¬ 
sition  reduced  the  efficiency  and  led  to  gradual  declines  in  overall 
capacity  with  extended  cycling.  Our  phosphazene  polymer  basis 
offers  benefits  to  anode  chemistry  in  terms  of  lowered  flamma¬ 
bility,  customization  and  optimization  through  polymer  attributes 
and  formulation  options,  enhanced  overcharge  protection,  and  the 
polymer  host  acts  as  the  binder  (no  need  for  PVDF). 
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